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Magnetic reconnection is an important universal plasma dissipation process that converts magnetic energy into plasma thermal 
and kinetic energy, and simultaneously changes the magnetic field topology. In this paper, we report the first observation of ener-
getic electrons associated with asymmetric reconnection in the sheath of an interplanetary coronal mass ejection. The magnetic 
field shear angle was about 151°, implying guide-field reconnection. The width of the exhaust was about 8×104 km. The recon-
nection rate was estimated as 0.044–0.08, which is consistent with fast reconnection theory and previous observations. We ob-
served flux enhancements of energetic electrons with energy up to 400 keV in this reconnection exhaust. The region where ener-
getic electron fluxes were enhanced is located at one pair of separatrices in the higher density hemisphere. We discuss these ob-
servation results, and compare with previous observations and recent kinetic simulations.  
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Magnetic reconnection is an important universal process 
that changes the magnetic field topology and converts mag-
netic energy into plasma thermal and kinetic energy in ex-
periment, astrophysical and space plasma. Magnetic recon-
nection in the terrestrial magnetosphere has been confirmed 
directly by in situ observations [1–5]. Recently, there were 
many observations of reconnection in the solar wind, which 
were often associated with interplanetary coronal mass ejec-
tion (ICME) [6–8]. Energetic electrons are important off-
spring of magnetic reconnection [9,10] and are observed in 
different magnetospheres [10–14]. Øieroset et al. [14] re-
ported energetic electrons, with energy up to 300 keV, in 
the reconnection diffusion region of the Earth’s magnetotail. 
In solar flares, observations showed that up to 50% of en-
ergy can be released to energetic electrons during reconnec-
tion [15]. However, Gosling et al. [16] found the absence of 
energetic particles associated with reconnection exhausts in 
the solar wind. Recently, Wang et al. [17] presented the first 
evidence of energetic electrons associated with magnetic 
reconnection in the magnetic cloud boundary layer.  
In this paper, we investigate whether energetic electrons 
associated with reconnection can be observed in other re-
gions of solar wind besides the magnetic cloud boundary 
layer. We used data recorded by several instruments onboard 
the Cluster spacecraft, including data of the magnetic field 
recorded by the Fluxgate Magnetometer (FGM) [18], ion 
data recorded by the Hot Ion Analyser (HIA) of the Cluster 
Ion Spectrometry (CIS) experiment [19] and data of high- 
energy electrons and the pitch angle distribution of energet-
ic electrons recorded by Research with Adaptive Particle 
Imaging Detectors (RAPID) [20]. We present the first ob-
servation of energetic electrons within the reconnection 
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exhaust in the sheath of an ICME in this study.  
1  Observations 
The Cluster spacecraft encountered an ICME event on Jan-
uary 21, 2005. Foullon et al. [21] comprehensively exam-
ined this ICME event, and provided a coherent picture of 
the ICME geometry (see Figure 9 of [21]). Figure 1 displays 
the observations of the leading edge of the ICME measured 
by Cluster 1 between 16:45 and 20:45 UT for the identical 
observations of four Cluster spacecraft with small separa-
tion (~1000 km). All data in this figure are shown in geo-
centric solar ecliptic (GSE) coordinates. The spacecraft first 
measured the interplanetary shock, and then the sheath and 
the ICME. The region bounded between two vertical lines 
(i.e. SH1 and SH2) in Figure 1 is the sheath. The sheath of 
the ICME is a region of interaction between the ICME and 
the ambient solar wind, which is similar to the magne-
tosheath in the terrestrial magnetosphere and contains many 
substructures. There are two current sheet substructures in 
the leading edge of the ICME; i.e. the sheath region [21]. 
We identify these two current sheets and find that the se-
cond one, which is highlighted grey in Figure 1, is an ex-
haust region of magnetic reconnection.  
Figure 2 shows plasma and magnetic field data of the 
second current sheet from Cluster 1 in GSE coordinates 
between 18:42 and 18:48 UT when Cluster 1 was located at 
(14.7, 10.7, 6.3)RE (where RE is the Earth’s radius). The 
three components of the velocity of the solar wind are 
shifted by (+900, 100, +50) km/s. Figure 2(a) exhibits a 
big drop, of about 70%, in the magnetic field strength and 
Figure 2(d) and (e) show enhancements in ion density and 
temperature from 18:44:15 to 18:45:55 UT. Changes in V 
and B were anticorrelated at the leading edge and correlated 
at the trailing edge (Figure 2(b) and (c)), implying that the 
region is a reconnection exhaust [6,7]. The field shear angle 
across the current sheet is 151°, which implies the recon-
nection region includes a non-negligible guide field. The 
ion density (Figure 2(d)) is not symmetric (having a big 
jump of a factor of 3) across the exhaust, indicating asym-
metric reconnection.  
 
Figure 1  Overview of observations made by Cluster 1 from 16:45 to 20:45 UT in GSE coordinates. (a) Three components, i.e. Bx (black dashed), By (grey 
dashed) and Bz (black), and magnitude (grey) of magnetic field; (b) three components of plasma bulk flow (Vx, Vy and Vz are black dashed, grey dashed and 
black lines, respectively); (c) ion density; (d) ion temperature.  
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Figure 2  Observations of the current sheet between 18:42 and 18:48 UT in GSE coordinates. (a) Magnetic field magnitude; (b) three components of the 
magnetic field; (c) three components of plasma flow; (d) ion density; (e) ion temperature. The velocity of plasma flow is shifted by (+900, 100, +50) km/s. 
The three components of magnetic field and plasma flow velocity, i.e. X, Y and Z components, are shown as the same in Figure 1. 
To analyze the current sheet in more detail, we construct 
an LMN coordinate system where the N component is the 
normal of the current sheet, the M component is the X-line 
orientation and the L component is along the reconnection 
jets. We firstly calculate the normal direction of the current 
sheet (i.e. the N component) through minimum variance 
analysis of the magnetic field [22]. We then employ the 
relation M = N × (BA  BB)/|BA  BB|, where BA and BB are 
the tangential magnetic field vectors on the two sides of the 
current sheet [8], to gain the X axis orientation. Finally, the 
L component forms the right-hand system with the M and N 
components; i.e., L = M × N. The three vectors of the LMN 
coordinates are ([0.5082, 0.3066, 0.8047], [0.1593, 
0.9517, 0.2620], [0.8464, 0.0050, 0.5326]) in GSE coor-
dinates. To identify Alfven waves or rotational discontinui-
ties for the exhaust, we compare the observation and “mod-
el”; i.e. the Walén relation [23]. The Walén relation can be 
described as Vpre = Vref ± (1 ref)1/2(0ref)1/2[(ref /)B  
Bref], where  = (P||  P⊥)/m0|B|2 is the pressure anisotropy 
factor (and P|| and P⊥ are the plasma pressures parallel and 
perpendicular to the magnetic field, respectively). Here, the 
pressure anisotropy is assumed to be zero. The subscript 
“ref” denotes the reference time at the leading (trailing) 
edge of the exhaust and “pre” denotes the calculated veloc-
ity across the region. The projections of the magnetic field  
and the velocity of the solar wind in the LMN coordinates 
are shown in Figure 3. Figure 3 also presents the amplitude 
of the magnetic field, velocity strength and energetic elec-
tron fluxes. BN is approximately zero; BM is large across the 
region, having an average value of 11 nT (i.e. ~0.3B0, 
where B0 is the upstream magnetic field strength); and BL 
reverses from 40 to 40 nT, suggesting the field rotation 
occurs almost completely in the L direction. The observed 
ion velocities and the ion velocities predicted by the Walén 
test are shown in Figure 3(c) and (d). The predicted magni-
tude and three components of the ion velocity fit well with 
the observed ones. Since the HIA instrument of the CIS 
measurement cannot distinguish ion species, the predicted 
velocities may not fit well in some time intervals. The pro-
jection of solar wind in the normal direction of the current 
sheet is about 800 km/s. Thus, the spatial width of the ex-
haust is estimated as ~8 × 10
4 km, which is less than other 
observations [8]. The N component of the velocity has an 
average shift (VN) of 22 km/s across the exhaust. There-
fore, the speed of the reconnection inflow, Vin, is about 
0.5VN; i.e. 11 km/s. The reconnection rate, Vin/VA, is cal-
culated to be about 0.044–0.08 according to the upstream 
Alfven speed, where VA≈137250 km/s. Thus, the recon-
nection rate in this event is higher than 0.044, which is in 
the range of fast reconnection and consistent with previous  
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Figure 3  Results of LMN analysis and the Walén test using Cluster 1 data. (a) Magnetic field magnitude; (b) three components of the magnetic field in 
LMN coordinates; (c) observed (black) and predicted (grey) velocity magnitudes; (d) observed and predicted velocities in LMN coordinates; (e) energetic 
electron differential fluxes (particles/(cm2 sr s keV)). The black dashed, grey dashed and black lines in (d) are L, M, and N components of the observed ve-
locities respectively, and the three grey lines are the predicted velocities for each component. The plasma velocity is shifted by (+300, 100, +500) km/s. 
observations. According to the above analysis, we conclude 
that Cluster observed an asymmetric reconnection exhaust 
with a moderate guide field in the sheath of the ICME for 
the first time.  
We are in fact more interested in energetic electrons 
within the reconnection exhaust region in the solar wind. 
Figure 3(e) shows the flux of energetic electrons in the 
range of 37.2–406.5 keV measured by the RAPID instru-
ment onboard Cluster 1. Different colors represent different 
energy channels. We see that there are enhanced energetic 
electron fluxes between 18:45:25 and 18:45:50 UT with 
electrons accelerated up to 400 keV. However, the en-
hancement of the fluxes of energetic electrons is only de-
tected at one pair of separatrices. There is no increase in 
energetic electron fluxes at the other pair of separatrices, 
where the plasma density is lower.  
2  Discussion and conclusion 
There are many direct observations of magnetic reconnec-
tion in the solar wind [6–8]. However, few observations 
have confirmed the presence of energetic electrons in the 
reconnection exhaust of the magnetic cloud boundary layer 
[17]. In this paper, we report the first observation of ener-
getic electrons within the exhaust in the sheath region of the 
ICME.  
Various acceleration mechanisms have been proposed to 
interpret the origin of the energetic electrons during mag-
netic reconnection with or without guide field [9,24–26]. As 
the primary acceleration mechanism, electrons are acceler-
ated by the reconnection electric field in the X-line region, 
and then may be further accelerated in the pileup region 
owing to curvature and gradient drifts along the electric 
field [9,26]. In addition, electrons can be accelerated by 
contracting magnetic islands via Fermi acceleration [24].  
In guide-field reconnection, electrons are firstly acceler-
ated by the parallel electric field that exists in low density 
cavities along one pair of the separatrices and form a cold 
electron beam [26]. This beam is funneled into the vicinity 
of the X-line and electrons are further accelerated by the 
reconnection electric field to form energetic electrons, which 
effuse along the higher density separatrices. In this paper, 
we report an increase in energetic electron fluxes, with en-
ergy up to 400 keV, associated with asymmetric guide field 
reconnection in the sheath of the ICME. The region where 
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the energetic electron fluxes increases is located at one pair 
of separatrices in the higher density hemisphere. Since BL, 
BM and VL were negative when the Cluster detected the en-
hancement of energetic electron fluxes, we deduce that en-
ergetic electrons were observed at the separatrix with higher 
density than the opposite separatrix. Zhou et al. [27] com-
prehensively investigated the signatures of the density cavi-
ty (lower density) during reconnection in the presence of 
guide field. They found that there was no evident energetic 
electron acceleration in the cavity. In addition, the effects of 
the guide field on the structure of the density cavity have 
also been studied via simulation [28]. These observations 
show that, in the presence of the guide field, energetic elec-
trons only exist at the higher density pair of separatrices, 
which is consistent with Pritchett’s simulation [26].  
Figure 4 shows the pitch angle distributions of 40.7 and 
68.1 keV electrons. We see that the accelerated electrons 
are concentrated at a pitch angle below 60°, being primarily 
parallel to the magnetic field. Given that BL < 0 and VL < 0, 
it suggests that high energy electrons are ejecting from the 
X-line. 
We should point out that the reconnection exhaust in our 
observation is asymmetric, whereas that having been simu-
lated is symmetric [26]. In fact, a region of energetic elec-
tron enhancement was also observed at only one pair of 
separatrices in the magnetic cloud boundary layer [17]. In 
addition, a kinetic simulation was conducted and a com-
bined model (i.e. electric field acceleration and Fermi-type 
mechanism) put forward to explain the origin of energetic 
electrons during magnetic reconnection there [17]. We also 
consider that a single acceleration mechanism is not enough 
to produce such high energy and so many energetic elec-
trons during magnetic reconnection. Such a phenomenon 
needs several acceleration processes with different mecha-
nisms to gain energetic electrons. To our knowledge, there 
are no theories or simulations of electron acceleration dur-
ing asymmetric reconnection. Therefore, the asymmetric 
signature of energetic electrons associated with reconnec-
tion needs to be further examined by numerical simulation 
and satellite observations. 
In summary, using Cluster observations, we identified an 
asymmetric reconnection with a moderate guide field (~0.3B0) 
in the sheath of ICME. The spatial width of the exhaust re-
gion was about 8 × 104 km and the magnetic field shear 
angle was about 151°. The reconnection rate was higher 
than 0.044, consistent with fast reconnection predictions 
and previous observations. We only observed enhancement 
of energetic electron fluxes with energy up to 400 keV at 
one pair of separatrices in the higher density hemisphere. 
More observations and simulations are required to work on it. 
 
Figure 4  Pitch angle distributions of energetic electrons: energetic electron differential fluxes (a), and pitch angle distributions of 40.7 keV (b) and 68.1 keV (c) 
electrons. The two vertical dashed lines mark the region of enhanced energetic electron fluxes.  
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